A system is described for measuring carbon dioxide output and alveolar carbon dioxide concentration in the neonate and for deriving the volume of alveolar ventilation. Air is drawn through a soft rubber face mask applied loosely to the face so that all expired gas is entrained. A fraction of the flow is sampled by an infra-red analyser, the signal from which is integrated to provide a measure of carbon dioxide output. Alveolar carbon dioxide concentration is measured by continuous sampling of expired gas through a nasal catheter. The response time of the catheter-analyser system is 140 ms. In 20 healthy 1-day-old neonates the mean carbon dioxide excretion was 5.86 ml/min. kg" 1 (STPD) and the mean alveolar Pco 2 was 4.85 kPa. From these measurements mean alveolar ventilation 147 ml/min.kg"" 1 (BTPS) was calculated. These results are similar to those obtained by other methods.
Measurements of ventilation were required for a study of the effects of maternal analgesia upon healthy neonates. The method had to be performed quickly without disturbing the neonate. Previously, ventilation has been measured by spirometry, pneumotachography or plethysmography (Cross, 1949; Nelson et al., 1962; Gregory and Kitterman, 1971) but, in addition to requiring a secure air-tight seal between the neonate and apparatus, these methods are time-consuming and may disturb the neonate. For many purposes, alveolar ventilation is at least as useful, as a measurement, as is minute volume. Therefore a suitable method has been developed for measuring carbon dioxide excretion and alveolar carbon dioxide concentration from which alveolar ventilation can be derived.
METHOD

Carbon dioxide excretion
A soft rubber face mask with perforated side walls was applied loosely to the face covering the mouth and nose. Air was drawn through the mask at a steady flow rate (3-4 litre/min) at least equal to twice the estimated peak flow rate of the neonate, so that all expired gas was entrained in the flow through the mask. Part of the flow (500 ml/min) was drawn through a flow meter and infra-red carbon dioxide analyser (Beckman LB-2) while the remainder was drawn through a second flow meter to waste ( fig. 1) design specification. Therefore a sample was drawn by the pump of the analyser and a separate suction pump with a non-pulsatile flow provided suction for the main gas flow. A piped suction system may be used with a suitable pressure regulator to minimize the effects of variations in the line suction pressure.
In these conditions the output of the analyser was proportional to the concentration of carbon dioxide in the gas flow. The signal was phasic, related to ventilation, but damped by the circuit volume (30 ml). The output, when integrated electronically with respect to time, was proportional to the amount of carbon dioxide excreted by the neonate over the period of integration ( fig. 2 ). The system was calibrated by injecting slowly a measured volume of dry carbon dioxide into the apex of the face mask. Calibration was performed immediately before each measurement. It was essential that the gas flows remain constant between calibration and measurement.
Alveolar carbon dioxide concentration
A soft plastic catheter with a protected orifice ( fig. 3 and Appendix), lubricated lightly with a waterbased lubricant, was passed approximately 3 cm into a nostril. Lubrication is unnecessary in the newborn. Gas was sampled continuously through the catheter by the infra-red analyser at a rate of 300 ml/min (Evans, Hogg and Rosen, in preparation). Under these circumstances the 90% response time of the analyser and catheter system was 140 (SD 7) ms. The analyser output is monitored electronically by a peak-hold circuit which displayed the highest value of carbon dioxide concentration recorded during the 1-min measurement period. This value was used as the estimate of alveolar carbon dioxide concentration (Evans, Hogg and Rosen, in preparation).
Alveolar ventilation
Measurements of carbon dioxide output (Kco 2 ) and alveolar carbon dioxide concentration (FAQQ^) were each performed sequentially for 1 min. Approximately 15 s was required to change the analyser sampling circuit and insert the nasal catheter. Alveolar ventilation (PA) was derived from the equation VA = VCOJFAQQ^ Conventional corrections for temperature, pressure and humidity were made.
RESULTS
Carbon dioxide excretion and alveolar carbon dioxide concentration were measured in 20 healthy 1-day-old neonates. The mean age was 21.6 h (SD 1.21; range 14-35 h) and the mean weight 3.4 kg (SD 0.11; range 2.62-4.55 kg). The measurements were made during sleep between 1 £ h and 3 h after feeding.
Carbon dioxide excretion
The mean carbon dioxide output measured by this method was 5.86 ml/min.kg-1 (STPD). Careful exploration with the sampling catheter of the infra-red analyser failed to reveal any loss of expired carbon dioxide from the rim of the mask or through the perforated side walls. Therefore it is unlikely that there is a serious loss of expired gas from this relatively open collecting system.
Measurements of inspired and expired carbon dioxide concentration made before and after the application of the face mask showed no change. There was therefore no evidence of re-breathing.
Alveolar carbon dioxide concentration
The measurement of alveolar carbon dioxide concentration seldom disturbed the sleeping neonate. A sample recording of carbon dioxide concentration is shown in figure 4. The mean estimated alveolar carbon dioxide fraction was 0.049, which corresponded to mean PA C02 of 4.85 kPa (SD 0.5).
Alveolar ventilation
The mean value of alveolar ventilation found in the 20 neonates was 147 ml/min. kg" 1 (BTPS). This result is compared with those of Cook and colleagues (1955) and Nelson and colleagues (1962) (table I) . The study of Nelson and colleagues (1962) included neonates of a wide age range and low birth weight; Cook and others (1955) and Nelson and others (1962 mean values for alveolar ventilation are also selected from those of an age (12-36 h) and weight range (> 2.5 kg) similar to the present study.
DISCUSSION
This method of measuring carbon dioxide excretion has advantages over techniques which require an air-tight seal between the apparatus and neonate. The volume of the collecting system is small in relation to the total flow rate so that recordings of carbon dioxide excretion can begin immediately. The system has no valves and offers virtually no additional resistance to ventilation. The value of carbon dioxide excretion obtained by this method is similar to that of 5.4ml/min.kg-1 (STPD) found by Cross, Tizzard and Trythall (1957) using a closed collecting system.
The measured value of alveolar Pco 2 in 1-day-old neonates is close to that previously reported by Koch and Wendel (1968) who found the arterial Pco 2 24 h after birth to be 4.52 kPa (SD 0.36). Clearly, alveolar, and therefore arterial Pco 2 in the healthy neonate, can be estimated readily from continuous analysis of expired gas by a suitable infra-red analyser. If pulmonary disease is suspected, it would be wise to check Pco 2 of arterial or arterialized capillary blood.
Previously alveolar ventilation has been measured by more complex techniques, for example, whole body plethysmography combined with capillary blood sampling (Cook et al., 1955) or spirometry combined with end-tidal sampling (Nelson et al., 1962) . Although it may be unusual to measure alveolar ventilation for the purpose of monitoring or investigation it is at least of equal value to measurements of total ventilation. The method has been easy to use and more than 600 measurements of carbon dioxide excretion, alveolar Pco 2 and alveolar ventilation have been made in neonates between 10 min and 48 h after birth.
APPENDIX
Catheter design
The catheter is constructed in two parts. The main length consists of 70 cm of nylon tubing (o.d. 1.2 mm, i.d. 0.9 mm) to which is fitted by epoxy-resin adhesive a Luer fitting compatible with the analyser inlet port. The terminal 10 cm of the catheter is of heat-shrinkable plastic sleeving (R. S. Components Ltd, London). Over 1 cm, the sleeving is an air-tight push-fit into the nylon tubing. The distal 1 cm of the catheter is expanded to an external diameter of 2.5 mm. Four holes, each 1.75 mm in diameter, are punched into the walls of this expanded portion (fig. 3) . Therefore the orifice of the catheter is protected from contact with nasal mucosa and gas can be aspirated through any five orifices. The intermediate part of the sleeve has the same internal diameter as the nylon tubing. This part of the catheter is formed by heat-shrinking onto a two-part metal former. The total volume of the catheter is 0.4 ml. The catheter has the advantage of being light, soft and flexible. It can be inserted easily into the nostril or naso-pharynx. The catheter is not heated and correction for the effect of condensation of expired water vapour is applied. 
MESURE DU DEBIT D'ACIDE CARBONIQUE
SUMARIO
Se describe un sistema para medir el gasto de bidxido de carbono y la concentration alveolar en el neonato, y para derivar el volumen de ventilacidn alveolar. El aire penetra a traves de una mascarilla facial de caucho blando aplicada flojamente de forma que todo el aire espirado sea arrastrado. Una fracci6n del flujo es muestreada por un analizador infrarrojo, cuya serial esta integrada para proporcionar una medida del gasto de bioxido de carbono. La concentraci6n de bi6xido de carbono alveolar se mide mediante muestreo continuo del gas espirado a traves de una sonda nasal. El tiempo de respuesta del sistema analizador-cateter es de 140 ms. En 20 neonatos sanos de 1 dia de edad la media de excrecidn de bi6xido de carbono fue 5,86 ml/min. kg" 1 (STPD, temperatura y presion estandar, en seco) y la Pco 2 alveolar media fue 4,85 kPa. Partiendo de estas mediciones se calcul6 la ventilaci6n alveolar media 147ml/min.kg" 1 (BTPS, temperatura corporal, presi6n y saturation). Estos resultados son similares a los obtenidos con otros metodos.
